Introduction
============

Gastric cancer (GC) is a leading cause of cancer-related mortality worldwide and the incidence of GC is most common in Asia, with Japan, Korea and China experiencing the highest number of cases of GC ([@b1-mmr-20-02-1747]). The 5-year survival rate following diagnosis is 68.1% for localized cases, and 30.6 and 5.2% after the regional and distant spread of the disease, respectively ([@b2-mmr-20-02-1747]). Unfortunately, patients with GC are usually diagnosed in the late stage with little scope for intervention ([@b3-mmr-20-02-1747]). GC is multifactorial in development and genetics play an important role. A number of genes have been identified that exert effects on almost all aspects of cancer formation, ranging from tumorigenesis to metastasis ([@b4-mmr-20-02-1747]), and thus therapeutic modalities and outcome are also influenced by these genes ([@b5-mmr-20-02-1747]).

Arginine/serine-rich coiled coil 1 (RSRC1) encodes the protein of the arginine- and serine-rich family that plays an important role in cellular functions. The gene is located on chromosome 3 and its products play a pivotal role in constitutive and alternative mRNA splicing ([@b6-mmr-20-02-1747]). RSRC1 plays an important role in the regulation of the transcription process ([@b7-mmr-20-02-1747]) and studies to date have indicated that an absence of RSRC1 inhibits the second step of the splicing process. RSRC1 also regulates alternative splicing in a concentration-dependent manner ([@b8-mmr-20-02-1747]). RSRC1 has been implicated in the pathogenesis of neuronal diseases, such as schizophrenia, as well as in certain types of cancer, such as glioblastoma ([@b9-mmr-20-02-1747]) and prostate cancer ([@b10-mmr-20-02-1747]). Another protein of the same family, RSRC2, is considered to play an important role in the development of esophageal carcinoma ([@b11-mmr-20-02-1747]) and neuroblastoma ([@b12-mmr-20-02-1747]). However, studies on the direct effects of RSRC1 on GC development are limited.

Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is a tumor suppressor gene with phosphatase-dependent and -independent activity ([@b13-mmr-20-02-1747]). Its primary function is to regulate biological functions essential for genomic stability, survival, proliferation, migration and metabolism through the regression of the oncogenic PI3K/AKT signaling pathway ([@b14-mmr-20-02-1747]). The strict control of PTEN expression through transcriptional, post-transcriptional and protein-protein interaction is essential for maintaining optimal cellular functionality ([@b15-mmr-20-02-1747],[@b16-mmr-20-02-1747]). PTEN inactivation or suppression through gene mutation, aberrant subcellular localization, or altered transcriptional and post-transcriptional regulation, which leads to tumor formation, occurs in various types of cancer, including GC ([@b17-mmr-20-02-1747]). Previous research has suggested that PTEN expression is downregulated in GC and that the inactivation of PTEN causes accelerated tumor growth. For example, the overexpression of PTEN has been shown to inhibit the invasion and metastasis of GC via the downregulation of focal adhesion kinase (FAK) expression ([@b18-mmr-20-02-1747]), and PTEN inactivation links the Hippo signaling pathway to the PI3K/AKT signaling pathway, thus potentiating tumorigenesis ([@b19-mmr-20-02-1747]). In addition, some microRNAs (miRNAs or miRs) influence GC progression and outcome by altering PTEN function ([@b16-mmr-20-02-1747],[@b20-mmr-20-02-1747]).

In this study, we explored the role of RSRC1 in the development of GC. The frequent downregulation of RSRC1 expression was observed in GC tissues compared to adjacent normal tissues, suggesting that the lack of RSRC1 expression in GC cell lines could promote GC cell proliferation and migration. Furthermore, RSRC1 may exert its functions by regulating PTEN expression.

Materials and methods
=====================

### Cell lines and culture conditions

The GC cell lines, SGC7901 and AGS, obtained from the Shanghai Cell Bank of the Chinese Academy of Sciences, were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM, Corning, Inc.) supplemented with 10% FBS and penicillin/streptomycin (M&C Gene Technology Ltd.). The cells were incubated in an atmosphere of 5% CO~2~ at 37°C.

### GC sample collection

GC tissues and paired adjacent normal tissues were collected from 36 patients diagnosed with GC at Shanghai East Hospital. Written informed consent was obtained from all the participants. All samples were flash-frozen in liquid nitrogen and stored at −80°C prior to RNA extraction. This study was approved by the Ethics Committee of Shanghai East Hospital, Tongji University School of Medicine.

### Immunohistochemical staining

Paraffin-embedded sections (4 µm) were prepared and processed for immunohistochemical staining. RSRC1 protein expression was assessed by immunohistochemical staining using an anti-RSRC1 antibody (\#23826-1-AP, Proteintech) at a dilution of 1:500, the sections were incubated at 4°C overnight. A two-step EnVision™ Kit (\#K500711-2, Dako; Agilent Technologies, Inc.) was used following the manufacture\'s protocol to visualize positive staining. The results were classified as positively stained or negatively stained. The reviewing process was conducted in a blinded manner to prevent bias. An Olympus CX31 biological microscope (Olympus Corporation) was used to evaluate the staining results.

### RNA extraction and reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted using TRIzol ragent (Sigma) and reverse transcription was performed using the commercial Primescript™ RT Reagent kit with gDNA Eraser (Takara), following the manufacturer\'s instructions. The relative mRNA expression level of RSRC1 was determined by quantitative PCR (qPCR) with SYBR-Green reagent (Takara). The PCR thermocycling conditions were as the following parameters: 95°C for 1 min, 40 cycles of 15 sec at 95°C and 30 sec at 60°C. The relative mRNA expression level was calculated using the comparative ΔΔCq method ([@b21-mmr-20-02-1747]), and β-actin was used as the endogenous control. Each measurement was carried out independently in triplicate. The following primers were used to amplify and measure the levels of RSRC1 and β-actin: RSRC1-qF, 5-TCAAACGTGGGGAATCTGGA-3 and RSRC1-qR, 5-TGGCTTGGTCTTCCTCCTT-3; β-actin-qF, 5-CCTGGCACCCAGCACAATG-3 and β-actin-qR, 5-GGGCCGGACTCGTCATACT-3.

### RNA interference and transfection

Cell transfection with small interference RNAs (siRNAs) was conducted using Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific) in accordance with the manufacturer\'s instructions. RSRC1-specific siRNAs (siRSRC1-1 and siRSRC1-2) were chemically synthesized (GenePharma). The sequences of siRSRC1-1 and siRSRC1-2 were as follows: sense, 5-GGUCGAGGGAAAUCCUAUA-3; sense, 5-GGGAUAGAGAACGACGUAA-3. After 24--48 h post-transfection, the cells were subjected to subsequent experimentation.

### Western blot analysis

Total proteins from were extracted from the cultured cells using RIPA buffer, and the supernatant was diluted in sodium dodecyl sulfate (SDS) loading buffer prior to storage. For western blot analysis, cell lysates (25 µg per lane) were electrophoresed by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred onto polyvinylidene difluoride membranes (PVDF; Millipore). Protein concentration was determined using a BCA Protein Assay Kit (Thermo Fisher Scientific). The membranes were then blocked in non-fat milk for approximately 1 h at room temperature, followed by 2 h at room temperature or overnight at 4°C with the primary antibodies. After washing with phosphate-buffered saline (PBS) containing 0.05% Tween^®^ 20 three times for 5 min each, the membranes were incubated with the secondary antibody \[\#611-145-002, Rabbit IgG (H&L) Antibody Dylight™ 800 Conjugated, 1:1,000; \#610-145-002, Mouse IgG (H&L) Antibody DyLight™ 800 Conjugated, 1:1,000, Rockland Immunochemicals, Inc.\] for a further 1 h at room temperature. Protein detection was carried out using the Odyssey Infrared Imaging System (Li-COR Biosciences) according to manufacturer\'s instructions. The antibodies used in this study were as follows: RSRC1 (\#23826-1-AP, Proteintech, 1:500), β-actin (\#81178, Santa Cruz Biotechnology, 1:1,000), mammalian target of rapamycin (mTOR; \#2983, Cell Signaling Technology, 1:500), p53 (\#sc-47698, Santa Cruz Biotechnology, 1:500), PTEN (\#559600, BD Biosciences, 1:500), β-catenin (\#8480, 1:500), E-Cadherin (\#3195, 1:500), Snail (\#3879, 1:500) and zinc finger E-box-binding homeobox 1 (ZEB1; \#3396, 1:500) (all from Cell Signaling Technology) and FAK (\#66258-1-Ig, Proteintech, 1:500).

### Cell proliferation assay

At 24 h following transfection, the cells (3,000 cells/well) were seeded in 96-well plates in triplicate and maintained in DMEM containing 10% FBS for 5 days. Following the manufacturer\'s instructions, 10 µl of Cell Counting kit-8 reagent (CCK-8; Dojindo Laboratories) was added to each well for 1 h of incubation at 37°C. The absorbance was read at a wavelength of 450 nm in an automated plate reader (SpectraMax M5, Molecular Devices, LLC). All experiments were independently repeated at least 3 times.

### Cell migration assay

A 24-well Transwell chamber (pore size, 8 µm; Costar; Corning, Inc.) was used to perform cell migration assay. Briefly, cells were harvested and suspended in DMEM without FBS at a density of 1×10^5^ cells/ml at 48 h after transfection with siRNAs, and 400 µl of the cell suspension was added into the upper chamber, while 800 µl DMEM containing 10% FBS was loaded in the bottom chamber. After incubation for 24 h at 37°C, the non-migrating cells in the upper chamber were removed with a cotton swab, and the migrated cells on the bottom surface of the filter were fixed in 4% paraformaldehyde for 5 min at room temperature, then stained with 0.5% crystal violet at room temperature (\#C3886, Sigma-Aldrich; Merck KGaA) for 10 min and counted under a phase contrast microscope (Leica DM6000B, Leica Microsystems, Inc.) in five randomly selected fields at a magnification of ×200.

### EdU labeling and immunofluorescence

The cells were seeded in a 24-well culture plates and 24 h later were incubated with 50 mM 5-ethynyl-2′-deoxyuridine (EdU; Guangzhou RiboBio Co., Ltd.) for 2 h at room temperature. They were then stained with Apollo 567 for 30 min at room temperature away from light as per the manufacturer\'s protocols (Guangzhou RiboBio Co., Ltd.) stained cells were observed and counted under a microscope (Leica DMI3000B, Leica Microsystems, Inc.). All experiments were repeated at least 3 times independently.

### Statistical analysis

Quantitative values are represented as the means ± SD. Analyses were done using GraphPad Prism software 7.0 (GraphPad Software, Inc., San Diego, CA, USA). Statistical significance for quantitative data was determined by one-way analysis of variance (one-way ANOVA) and Dunnett\'s multiple comparisons test was used as a post hoc test. The Kaplan-Meier and log-rank tests were used for the overall survival analysis from Kaplan-Meier Plotter datasets (<http://kmplot.com/analysis/>). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### RSRC1 expression is frequently downregulated in GC

To examine the expression of RSRC1 in GC, paired tumor tissues and adjacent normal tissues were collected from 36 patients with GC, and RT-qPCR analysis was conducted. As shown in [Fig. 1A](#f1-mmr-20-02-1747){ref-type="fig"}, RSRC1 mRNA expression was significantly downregulated in 21/36 (58%) tumor tissues compared with paired normal tissues; 10/36 (28%) of the GC specimens exhibited no significant difference in RSRC1 mRNA expression between the tumor tissues and paired normal tissues, and only 5/36 (14%) of the GC specimens exhibited an upregulated RSRC1 mRNA expression in the tumor tissues. To confirm the results of RT-qPCR, 5 GC tumor and normal tissue pairs were randomly selected from the collected samples and immunohistochemical staining analysis with specific antibody directed against RSRC1 was performed. Representative images are presented in [Fig. 1B](#f1-mmr-20-02-1747){ref-type="fig"}, which indicated the reduced protein expression of RSRC1 in the GC tumor tissues. Furthermore, survival analysis obtained from the Kaplan-Meier Plotter datasets demonstrated that a reduced expression of RSRC1 was associated with a worse overall survival rate of patients with GC ([Fig. 1C](#f1-mmr-20-02-1747){ref-type="fig"}). Collectively, these results indicate a strong association between RSRC1 and GC.

### RSRC1 suppresses the proliferative ability of GC cells

Given that RSRC1 is downregulated in GC, we then explored its function in GC progression. Synthesized siRNAs against RSRC1 (siRSRC1-1 and siRSRC1-2) were transiently transfected into the AGS and SGC7901 cells and western blot analysis was performed to validate the knockdown effects ([Fig. 2A](#f2-mmr-20-02-1747){ref-type="fig"}). CCK-8 assays were deployed and cell growth curves indicated that the cells transfected with siRSRC1-1 and siRSRC1-2 had significantly higher growth rates than those transfected with siNC ([Fig. 2B](#f2-mmr-20-02-1747){ref-type="fig"}). Moreover, EdU incorporation assays were conducted to further confirm the role of RSRC1 in GC cell proliferation, and we found that RSRC1 knockdown resulted in an increase in the percentage of EdU-positive cells as compared to the controls ([Fig. 2C](#f2-mmr-20-02-1747){ref-type="fig"}). Taken together, these data provide evidence that RSRC1 suppresses GC cell proliferation.

### RSRC1 knockdown enhances the migratory ability of GC cells

Since metastasis plays a key role in the poor prognosis of patients with GC, we then examined the effect of RSRC1 on the migratory ability of GC cells. After knocking down RSRC1 expression in AGS and SGC7901 cells, Transwell cell migration assays were employed, and results are presented in [Fig. 3](#f3-mmr-20-02-1747){ref-type="fig"}. The cells transfected with siRSRC1-1 and siRSRC1-2 exhibigted significantly higher numbers of migrated cells, suggesting a negative role of RSRC1 in GC cell migration. Therefore, our observations illustrate the importance of RSRC1 in suppressing GC cell proliferation and migration.

### RSRC1 regulates the expression of PTEN

To identify the molecular mechanisms through which RSRC1 inhibits the proliferation and migration of GC cells, we performed western blot analysis to investigate the expression of specific proteins related to tumor proliferation, cell apoptosis and epithelial-mesenchymal transition (EMT) after RSRC1 expression was silenced in the AGS cells. The results indicated that PTEN expression was suppressed and FAK expression was enhanced following the knockdown of RSRC1 in GC cells ([Fig. 4A](#f4-mmr-20-02-1747){ref-type="fig"}). PTEN is a well-known tumor suppressor gene in different cancer types, and PTEN has been previously reported to negatively regulate FAK expression in GC ([@b18-mmr-20-02-1747]), suggesting that RSRC1 suppresses cell proliferation and migration by regulating PTEN expression in GC cells. Thus, we performed RT-PCR to investigate whether RSRC1 regulates PTEN expression at the transcriptional level. The changes in the mRNA expression of PTEN were not obvious after the silencing of RSRC1 expression in GC cells ([Fig. 4B](#f4-mmr-20-02-1747){ref-type="fig"}), suggesting that the regulation of PTEN expression by RSRC1 does not occur at the level of transcription. In summary, the data presented herein provide a possible mechanism through which RSRC1 inhibits GC cell proliferation and migration.

Discussion
==========

GC is a leading cause cancer related-mortality worldwide and is multifactorial in its development, with genetics playing an important role. However, further research concerning the tumorigenesis of GC is required in order to improve the early diagnosis and treatment modalities of GC. To the best of our knowledge, the present study demonstrated for the first time that RSRC1, which plays a pivotal role in the constitutive and alternating splicing of the pre-mRNA, is a potential tumor suppressor in GC.

From the clinical samples, we found that RSRC1 expression was frequently downregulated in GC tissues, and survival analysis from Kaplan-Meier plot datasets revealed that RSRC1 was associated with the prognosis of patients with GC. CCK-8 assays and EdU incorporation assays revealed that the silencing of RSRC1 expression in GC cells promoted cell growth and proliferation. The results of Transwell migration assays further indicated that the knockdown of RSRC1 promoted the migratory capacity of GC cells. These observations provided a strong basis for the consideration of RSRC1 as a tumor suppressor gene in GC development.

RSRC1 mainly controls the second step of the splicing process ([@b8-mmr-20-02-1747]). It is also implicated in the regulation of the transcription process through ERB repression by SUMOylation mediated by RSRC1 ([@b22-mmr-20-02-1747]). The single nucleotide polymorphism (SNP) of RSRC1 has been found in schizophrenia and the downregulation of RSRC1 has been found in dementia and Alzheimer\'s disease ([@b7-mmr-20-02-1747]). RSRC1 polymorphism increases the susceptibility of children to neuroblastoma ([@b23-mmr-20-02-1747]). However, its role in the development of GC has not yet been elucidated. This study initially explored the role of RSRC1 in GC development; however, whether its effects on GC cell proliferation are associated with the alternative splicing of mRNAs, remains to be further investigated.

PTEN is one of the most frequently mutated tumor suppressor genes and has been widely studied in different types of human malignancies. A number of studies on GC have demonstrated that PTEN inhibits tumor progression via the negative regulation of the PI3K signaling pathway and its downstream components ([@b24-mmr-20-02-1747]--[@b26-mmr-20-02-1747]) and the AKT/GSK3β signaling pathway ([@b27-mmr-20-02-1747]). PTEN has also been found to negatively regulate the expression of the well-known oncogene, FAK ([@b18-mmr-20-02-1747]). In this study, we found that RSRC1 suppressed GC cell proliferation and migration, possibly by regulating PTEN expression, and this regulation did not occur at the transcriptional level. Hence, in future studies, further experiments are required at both the cellular and molecular levels to confirm whether RSRC1 functions are dependent on the regulation of PTEN expression and whether this type of regulation is related to mRNA alternative splicing.

In conclusion, this study identified RSRC1 as a potential tumor suppressor gene in GC. The reduced expression of RSRC1 was associated with a poorer prognosis of patients with GC; RSRC1 suppressed GC cell proliferation and migration possibly by regulating the PTEN/FAK signaling pathway. Our findings provide novel insight into the mechanisms of tumorigenesis and development of GC.
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![Downregulation of RSRC1 is associated with a poor prognosis of patients with GC. (A) Pie chart showing that RSRC1 expression is downregulated in the majority of the tumor tissues compared to the paired adjacent normal tissues. According to the fold change (T/N) of RSRC1 mRNA expression in each pair of samples, the results of RT-qPCR were classified as upregulated (\>2.0), stable (0.5--2.0) and downregulated (\<0.5). (B) Representative images of immunohistochemistry showing the protein expression of RSRC1 in normal tissues compared to tumor tissues. Magnification, ×40 (insert) and ×200. (C) Kaplan Meier curves comparing the overall survival (OS) of patients with tumors with a low expression of RSRC1 (black line; n=370) and a high RSRC1 expression (red line; n=261), P\<0.01, log-rank test. T, tumor tissue; N, adjacent normal tissue; RSRC1, arginine/serine-rich coiled coil 1; GC, gastric cancer.](MMR-20-02-1747-g00){#f1-mmr-20-02-1747}

![RSRC1 suppresses GC cell proliferative ability. (A) RSRC1 knockdown in GC cell lines SGC7901 and AGS was carried out by transfection with small interference RNAs (siRNAs) si-RSRC1-1 and si-RSRC1-2, and the knockdown efficiency was confirmed by western blot analysis. (B) Cell growth curves following RSRC1 knockdown in SGC7901 and AGS cells showing accelerated growth rates as compared to normal controls (NC). (C) EdU incorporation assay was performed to compare cell proliferation ability of SGC7901 and AGS cells following knockdown of RSRC1 and their corresponding controls. Magnification, ×10. Data are presented as the means ± SD of 3 independent experiments, \*P\<0.05 vs. NC. RSRC1, arginine/serine-rich coiled coil 1; GC, gastric cancer.](MMR-20-02-1747-g01){#f2-mmr-20-02-1747}

![Knockdown of RSRC1 promotes GC cell migration. (A) Cell migratory ability was measured by Transwell migration assays following transfection. Representative images of migrated cells are shown, and all the experiments were repeated at least 3 times independently. Magnification, ×100. (B) The number of migrated cells was counted in 5 randomly selected microscopic fields and the data are presented as the means ± SD. \*P\<0.05 and \*\*P\<0.01 vs. NC group. RSRC1, arginine/serine-rich coiled coil 1; GC, gastric cancer.](MMR-20-02-1747-g02){#f3-mmr-20-02-1747}

![RSRC1 regulates PTEN expression in GC cells. (A) Western blot analysis was performed to detect the expression levels of specific proteins involved in signaling pathways related to tumor development after the silencing of RSRC1 expression in AGS cells. (B) RT-qPCR was performed following RSRC1 knockdown in SGC7901 and AGS cell lines to observe the alterations in PTEN mRNA expression. RSRC1, arginine/serine-rich coiled coil 1; GC, gastric cancer.](MMR-20-02-1747-g03){#f4-mmr-20-02-1747}
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